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Sammanfattning 

Automatisk transkription av musik har intresserat datateknologer och musiker i mer än trettiofem 

år. Transkriptionsprocessen omfattar extrahering av grundfrekvenser och segmentering av den 

kontinuerliga audiosignalen genom att detektera onsets och offsets. Därefter ger kvantisering av 

tonhöjd och timing en symbolisk representation av utförandet, ofta som noter eller MIDI. Även 

musikerns tolkning, som visar sig genom variationer i tempo (accelerando-ritardando), frasering 

och artikulation (staccato, legato) kan fås via framtagna parametrar. Automatisk transkription kan 

användas till att dokumentera inspelningar, jämföra ett utförande med originalnoterna och genom 

att skriva ett utdrag ur melodin söka en melodi på Internet.  

I denna studie, ska tre program som utför automatisk transcription utvärderas och jämföras för att 

uppskatta noggrannheten, särskilt med tanke på detektering av onsets. Därefter studeras 

artikulation i spel på blockflöjt genom analys av timing i inspelningar av elever och lärares 

utföranden, i kombination med lyssningstest. 

Resultaten indikerar att gränserna mellan artikulationstyperna i blockflöjtsspel är uppskattningsvis: 

staccato 0-40 %, non-staccato 40-70 %, neutral 70-90 % och legato 90-100 %. Non-staccato används 

här som term för en oönskad artikulation mellan staccato och neutral. 
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Andningspauser studerades med avseende på frasgräns-markeringar. Spridningen i antal och 

varaktighet av andningspauserna mellan eleverna och läraren avspeglar skillnader i förmågan att 

kontrollera luftflödet. De kortaste andningspauserna bland eleverna (nybörjare) var 270 ms jämfört 

med 240 ms för läraren. Lärarens prestation är planerad och tillåter längre och färre 

andningspauser, bara vid de verkliga frasgränserna. 
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Abstract 
Automatic music transcription has attracted a great interest from computer scientists and musicians 

for more than thirty-five years. The process of transcription includes extraction of fundamental 

frequencies, and segmentation of the continuous audio signal by detecting onsets and offsets of 

sound events. In a following step, quantization of pitch and timing gives a symbolic representation 

of the performance, often presented as a score or MIDI file. At best, the musician’s interpretation 

as manifested in variations in tempo (accelerando-ritardando), phrasing, and articulation (staccato, 

legato) may be captured as well. Automatic transcription can be used for documenting recordings, 

comparing a performance with the original score and music retrieval when searching for music on 

the Internet. 

In this thesis, three programs for automatic transcription are first evaluated and compared in order 

to estimate the accuracy, in particular with regard to onset detection. In a second part, articulation 

in recorder playing is studied by timing analysis of recorded student and teacher performances 

combined with listening tests. 
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The results indicate that the boundaries between articulation types in recorder playing are 

approximately: staccato 0-40%, non-staccato 40-70%, nominal 70-90% and legato 90-100%. Non-

staccato is here used as a term for a non-desired articulation in between staccato and nominal.  

Breathing pauses were studied in terms of phrase boundary markers. The spread in number and 

duration of the breathing pauses between the students and the teacher reflects differences in the 

ability to control the air. The shortest breathing pause for the students (beginner) was 270 ms 

compared to 340 ms for the teacher. The teacher’s performance is planned and allows longer and 

fewer breathing pauses, only at the actual phrase boundaries. 
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I. Introduction 

A. Automatic transcription of music 

Manual transcription of music is defined as the process of listening to a piece of music and writing 
down the musical notation for the sound events that constitute the piece. Note symbols are used to 
indicate pitch, onset time, and duration of each event, as a recipe to the performer. In an automatic 
transcription, a computer does the transcription automatically. The transcription process is divided 
in two parts, one where the acoustic signal is segmented in parts, each corresponding to a single 
sound event, followed by quantization in pitch (note names), and time (note values). In an initial 
signal processing stage, before the segmentation, a pitch tracking processing is performed, giving a 
continuous pitch contour. In the segmentation, the onset and offset of all notes are detected. In the 
quantization (notation) stage the segmented parts are transformed to symbolic data and presented 
as a score. The accuracy of a transcription system can be evaluated by comparing the output score 
with a MIDI file of the original score.  
 
In this study only monophonic music is considered, where only one note is sounding at a time. 
Automatic transcription of polyphonic music is much more complex due to the difficulty of 
separating the pitch tracks of concurrent voices, among other things. Even manual transcription of 
polyphonic music may present obvious difficulties in detecting concurrent voices [1]. A 
comprehensive overview of the state-of-the-art in automatic transcription of music has recently 
been published by Klapuri [2].  
 
B. Articulation 

1. What is musical articulation? 

Playing music is much more than just playing the right note at the right time. The way the notes are 
played, the articulation, is just as important as pitch and timing between notes. Feelings can be 
expressed through articulation, either the performers’ own emotions, or how the performer wants 
the listener to feel. It is similar to acting or reading poetry. Without articulation a poem would be 
very boring. The same goes for music. Apart from articulation there are different cues for 
expressing different basic emotions (‘moods’), e.g. happiness, sadness, anger etc. [3]. 
 
The articulation has to do with an individual note and its relation to the neighbouring notes. The 
term “articulation” refers to how notes are initiated, terminated and connected to following notes 
[4]. On most instruments a series of notes can be played in two ways: connected or unconnected. 
In the unconnected way the notes are perceptually separated by a gap. On the piano, this is made 
by releasing a key before pressing the next key. This is applied in staccato articulation. Staccato 
articulation requires that a series of notes are not only separated, but also short in duration (typically 
eighth and sixteenth-notes). When the notes are connected the term is legato articulation. Here, the 
preceding note is perceived to end just at the moment when the next begins, with no detectable gap 
in between. On the piano, legato is performed by releasing the key at about the same time the next 
is depressed. To get a really smooth connection between notes, the key release can be delayed until 
the following key has been depressed, causing a small overlap with two simultaneously sounding 
notes. Overlaps are possible on the piano, but not on wind instruments.  
 
Keyboard players do not have as much control over the onset characteristics of notes as string and 
wind instrument players. Articulation on the piano or organ is thus a matter of connecting or 
separating notes. Three basic forms of articulation can be distinguished: legato, portato (detaché) and 
staccato.  In this thesis only staccato and legato will be studied.  
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For piano players, articulation is one of the most important expressions available. In performance, 
staccato is an important component for making a piece sound happy or resolute. Legato is a 
common articulation in pieces that expresses grief or tenderness. For example, most ballads are 
sung legato, and most marches are played fairly staccato. 
 
Phrasing in music is a way of making the structure of the piece clear to the listener and easier to 
comprehend. One common way to shape a phrase on most instruments is to increase intensity and 
tempo in the middle of the phrase and decreasing intensity and tempo at the end. Phrases are often 
separated by introducing a micro pause in between. A natural way of marking phrase boundaries on 
wind instruments is to take a breath. 
 
2. Aim of the thesis 

Automatic segmentation and classification of articulation is of importance in an ongoing project 
IMUTUS (Interactive MUsic TUition System) supported by the European Commission (IST-2001-
32270). The idea of this project is to use a computer program as an assistant teacher at home when 
learning to play an instrument. In short, the aim is to develop a virtual music teacher. TMH is 
responsible for the performance-evaluation part including the articulation.  
 
IMUTUS will offer an efficient practising environment, giving immediate pedagogical feedback 
after playing a melody. The program will record the audio signal while the student is practising, 
making pitch tracking, segmentation and onset offset detection. The performance evaluation 
algorithm will match the performance with the original score and display the most important 
mistakes/errors on the screen. Interactive feedback is given to the student on how to correct the 
mistakes and improve the performance. This project is based on the recorder, but later it will be 
possible to adapt the program to other instruments.  
 
In order to develop the articulation part of the performance evaluation algorithm, values for 
determining the boundaries between staccato-nominal-legato articulations were needed. There are 
several studies on how articulation is performed and perceived on the piano [5-7], but hardly on 
other instruments. This study is focused on the performance and perception of articulation in 
recorder playing.  
 
This thesis is divided in two parts. The first part deals with an evaluation of three algorithms that 
perform automatic segmentation/transcription of recorded music. Transcription here means that 
music is transformed into a MIDI-like symbolic representation. The algorithms are compared, in 
particular with regard to the accuracy in onset detection. The onset detection influences all 
subsequent analysis of timing; inter-onset-intervals, note durations, and articulation. 
 

Fig 1 Legato means playing the notes connected.  

Fig 2 Staccato means playing the notes clearly
separated.
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The second part deals with specific listening test of the perception of articulation in recorder 
performances. The tests are based on recorded performances of students and teacher and also 
synthesized audio files, using recorder-like sounds. 
 
C. Earlier studies 
1. Segmentation 

Segmentation of an audio signal into sound events (note objects) requires good onset detection. 
Traditional methods are often relying on that the note onsets (‘attacks’) contain high-frequency 
energy, energy bursts. For instruments with a percussive-like (‘hard’) onset, methods with high- 
frequency detection are useful [8]. For stringed instruments where the onset energy is relatively 
weak, these methods give poor results. Also, if there are low-pitched notes with weak high-
frequency components in the same region as high-pitched notes, the low notes are almost 
impossible to detect. Subband-based approaches to onset detection have been proposed, which 
looks for energy bursts within every subband [2, 9-11]. A combination of time and frequency 
domain is used to be able to detect low as well as high tones [12]. For percussion instruments, such 
as piano, guitar (string instruments, but ‘percussively’ played) and drums, the attack is sharp enough 
that it can often be detected in the time domain signal [13]. Weaker onsets need calculations in the 
frequency domain. 
 
Several other approaches to onset detection are using either time domain or frequency domain 
algorithms, or a combination of both [14]. To be able to detect all onsets, the signal is divided into 
energy bands by a frequency domain algorithm. The calculations are then made in the time domain 
where the energy content is measured in all bands and sudden increases in the overall signal, or in 
every frequency band, are detected as onsets. 
There are differences between high and low-pitched notes. High notes often have short initial 
energy bursts, with large gaps between relative to frequency. Between every onset there are thus 
many fundamental periods. For low notes, on the other hand, onsets occur more often relative to 
fundamental period. Notes that fade in, or in other ways have an indistinct onset, are difficult to 
detect with most methods. Another problem with onset detection is that a signal often is noisy 
directly after onset, which can lead to multiple detections. A common way of solving this is to use a 
low-pass filter. The disadvantage of this method is that the time position of onsets gets less distinct, 
and weaker onsets gets smoother and therefore harder to detect. 
 
The goal of all onset detection algorithms is to achieve a well-working method with no need for the 
user to give any input, such as e.g. instrument or pitch range. The judgement of how good an onset 
detection method is, is based on whether onsets are detected or not (missed/inserted onsets), and 
depending on the accuracy of the detected onsets. 
 
2. CUEX – An example of an advanced onset detection algorithm 

The working method for a novel onset detection algorithm CUEX [15] is described in the 
following. CUEX is an algorithm that apart form onset detection in monophonic recordings also 
extracts the parameters for tempo, sound level, articulation, onset velocity, spectrum, vibrato rate 
and vibrato extent. These acoustic parameters are often called cues in musical context, hence the 
name CUEX (CUe EXtraction). The onset-offset detection here is based on a combination of 
sound level and frequency level information of the incoming audio signal. However, there are 
several factors that may cause some difficulties to detect onsets in this method and a few is 
mentioned here:  
Amplitude vibrato is a common feature for some instruments e.g. the flute. The amplitude-changes in 
such vibrato can be of the same size as the dips in sound level between notes, so a method based 
on amplitude alone is not enough. 
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Legato notes on wind and string instruments are often achieved by changing the pitch and not giving 
an extra attack, so there is no noticeable change in sound level. Therefore a method based on 
frequency level is preferred. 
Repeated notes can usually only be detected through change in sound level or attack spectrum, and 
would therefore be problematic for a method based on frequency level only. 
 
CUEX is developed with these factors in consideration and the main parts of the method are: 

1. Onset-offset detection from sound level 
2. Onset detection from frequency level (pitch) 
3. Combining the onset-offset suggestions 1 and 2 above 
4. Cue Extraction 

 
In onset-offset detection from sound level, two sound level envelopes are computed using different 
smoothing filters. This approach results in a fast-varying sound level corresponding to the tone 
variations (tone profile), and a slow-varying sound level corresponding to the variation at the phrase 
level (phrase profile), see Fig 3. The points where these two envelopes cross each other, define 
onsets and offsets. This method will detect also very slow onsets. 
 
Onsets from frequency level are only possible to detect as positions of frequency level transitions. It is 
not possible to trace offset positions by this method because the tone is often sounding or ringing 
after the tone offset.  
 
In order to get the final onsets the sound level and frequency level are combined (see Fig 4). The 
frequency level candidate will be the first choice of onset. If there is a sound level onset at 
approximately the same position, the onset time will be adjusted to the position of the sound level 
onset. If there is no sound level onset but a frequency level onset, a final onset is obtained assuming 
a legato transition between notes. A strong sound level onset without a frequency level onset will 
also generate a final onset, assuming a repeated note. 
 
 
 

Tone profile

Phrase profile

Tone profile

Phrase profile

 
 

Fig 3 An example of the onset and offset detection applied on a short phrase played on violin. The
solid line is the tone profile, the dashed line is the phrase profile, and the circles indicate the detected
onsets and offsets. 
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3. Timing parameters 

From the onset-offset times basic timing parameters can be obtained such as Inter-Onset-Intervals 
(IOIs) and note duration (see Fig 5). The most important parameter for measuring how notes are 
played is Articulation, defined as the ratio between duration and IOI. The gap denotes the silent 
interval between two sounding notes. The length of the gap is perceptually very important in staccato 
articulation. The Key Overlap Time (KOT), a parameter that applies in piano performance, indicates 
how much adjacent notes overlap, which occurs in legato articulation [5-6]. Overlap does not occur 
in wind instrument playing. 

Fig 4 An example of the final tone onset-offset detection applied on the same phrase as in Figure 3.
Both the previous sound level detection and frequency level detection are shown together with the
final tones given by the lower straight lines. Also shown is the computed tone sound level shown by
the upper straight lines. 
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4. Articulation 

There have been several studies published on articulation on piano and organ performances [5-7, 
16-18]. There are no studies available about articulation on the recorder. 
  
a) Legato 

In a study of legato on a digital piano by Repp [5], a large difference was found between high and 
low notes considering the decay. High notes decayed faster than low notes, and long notes decayed 
sooner than short notes because of their more extensive pre-release decay. The test results showed 
that the KOT was greater for high notes than for low, when the test persons judged the notes as 
optimally or maximally legato. The similar result applied to long notes, i.e. the KOT were greater 
for long notes then for short notes. 
In his study both perception and production was revised, but only perception is considered in this 
thesis since the aim with this project is of perceptual character. The test persons, who were 
musically trained, listened to repeatedly ascending and descending sequences of notes. They could 
interactively adjust the KOTs until they thought the sequences sounded minimally, optimally and 
maximally legato. For minimal legato the average KOTs were negative showing that gaps of up to 
100 ms still can be acceptable as legato. 
Another study by Repp [6] was made in similar way but on a grand piano. Here the gap could be up 
to 79 ms and still be accepted as legato. He also found that KOT was increased with increasing 
IOI, i.e. the overlap increased with decreasing tempo. 
 
In Battel & Bresin’s study [16], expressive performances by pianists were analysed, and the ratio 
between KOT and IOI was used instead of absolute time. The parameter used here is thus Key 
Overlap Ratio (KOR), which is the KOT represented as a percentage of the IOI. The KORs in 
legato articulation varied between 11.7% and 19.5%. It was found that the legato articulation was 
played with a KOT ratio that depended on the IOI. 
 
b) Staccato 

In a study of staccato on a digital piano by Repp [7], the results showed that the perception of 
staccato is depending on tempo. The subjects could adjust the note durations, which increased 
significantly as tempo decreased. The boundary between staccato and non-staccato is not well 
defined on the piano, unlike between legato and non-legato where the presence of a gap represents 

 

KOT = offsetn - onsetn+1 

IOI = onsetn+1 - onsetn 

DUR = offsetn - onsetn 

Articulation = 
IOI
DUR

 

IOI

DUR

Onsetn Offsetn 

Onsetn+1

KOT

Fig 5 Overview of timing parameters. 
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the boundary. The perception of optimal staccato was evaluated for note durations between 20 and 
80 milliseconds. Also here, the durations clearly increased with IOI, indicating that perception of 
staccato depends on tempo. 
 
Since Repp’s study is based on piano and this thesis will focus on the recorder, there are some 
differences to consider. For example, the decay time for piano includes not only the decay of the 
(damped) string vibrations but also the decay of the soundboard vibrations and of the sound 
reflections in the room. The decay also varies with register. A piano is so much larger than a 
recorder that the size of it will affect the decay [6]. 
 
In Battel & Bresin’s study [12], the duration of the staccato notes on piano was about 40% of the 
IOI as measured at the key level (i.e articulation= 40%). This means that the key has been 
depressed 40% of IOI, but the decaying notes sounded longer. On the recorder, where the decay 
can be neglected, the limit for staccato articulation will probably be a little longer. 
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II. Segmentation  

A. Background 

There are several commercial programs for segmentation of music, but how good are they? To 
examine this, the accuracy of three programs has been tested on monophonic music. The melodies 
were played on different instruments to see if any differences in detection accuracy could be found. 
 
One of the used programs is CUEX, which has been developed at TMH. It is used mainly for 
monophonic music, from which it extracts the parameters for tempo, sound level, onset velocity, 
spectrum, vibrato rate and vibrato extent. The onset-offset detection is based on the frequency and 
sound level information of the incoming audio signal. First, the signal is segmented and then the 
parameters can be extracted. 
 
B. Method  

1. Programs 

The programs evaluated were Solo Explorer v10 1 and Digital Ear v4.02, and CUEX [15]. Solo 
Explorer and Digital Ear are commercial programs, and no info was available on principles and 
therefore are they evaluated using a ‘black box’ principle. The working principles of CUEX are 
described above. The work area of Solo Explorer and Digital Ear is showed below (see Figs 6-8). 
 

 
 

                                                 
1 Recognisoft, http://www.recognisoft.com/  

2 Epinoisis Software, http://www.digital-ear.com/  

Fig 6 View of Solo Explorer, note symbols and frequency are shown directly. Each wave line (frequency)
corresponds to a note symbol. 
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Fig 7 View of Digital Ear. The green lines show the pitch, the blue dashed line is to define the pitch area. 

Fig 8 View of the settings in Digital Ear. The sliders above are to change the
sensibility of the harmonic threshold and time resolution. Pitch range can also
be defined here. 
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2. Material 

Three melodies were used for segmentation: “Alla fåglar kommit rén”,”Björnen sover” and “Livet i 
Finnskogarne”. The first two melodies were played on the recorder by young students, and are also 
a part of the material used in the articulation part. The recordings were made during a normal 
lesson with the microphone attached to the music stand, a couple of decimetres in front of the 
recorder. The third melody was synthesised using a sequencer (piano and violin voices) controlled 
by performance rules [19]. The test melodies played by the recorder students could be considered 
as “difficult” to process since the attacks are not always clear, including breath sounds and short 
octave shifts due to overblowing. 
 
3. Reference 

To get a reliable reference, segmentation was first done by hand. By using a sound editor 
(Soundswell 4.00), where the audio signal is shown graphically as amplitude vs. time, the onset and 
offset times could be found. The accuracy in the manual segmentation was estimated to ± 3 ms. 
Spurious sounds occurring in students´ performances like poor attacks with turbulent noise 
introduced larger uncertainty in the segmentation, or even several alternative onset times.  
 
4. Program evaluation 

Below is a scheme of the evaluation process (see Fig 9). Each audio file was run through the 
programs that were to be evaluated. The obtained MIDI files were automatically converted to text 
files, showing onset times, offset times, durations and pitch.34 Then the manually detected onsets 
and offsets were compared with the corresponding values detected by the program.  
 
 
 
  
 

 
 
 
 
 
 
 
 
 
 
 
 

                                                 
3 http://www.nici.kun.nl/mmm/programs.html  
4 The default tempo settings differs a factor 3 between Solo Explorer and Poco Web, which initially caused some 
confusion.  
 

Fig 9 Scheme of the process of comparing segmentation algorithms.

Audio 
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Program 
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C. Results 

1. Onset detection – Recorder melodies 

The results for the recorder melodies are summarized in Figs. 10a, b, showing the onset times vs. 
note number. As can be seen in the plots, the programs mostly agree on the onset detection. At 
some points major deviations can be observed as inserted extra notes. This occurs more frequently 
for Digital Ear, which adds 16 notes to the nominal 59 notes in the melody (”Alla fåglar kommit 
rén”). 
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Fig 10b. Onset detection on the melody “Björnen sover” played on recorder by student. Good segmentation,
only a three extra notes are detected by Digital Ear, and one by Solo Explorer; CUEX (squares), Digital Ear
(triangles) and Solo Explorer (dots). 

Fig 10a. Onset detection on the melody ”Alla fåglar kommit rén” played on recorder by student. The programs do
the segmentation very well except for some detected extra notes. Digital Ear detects 16 extra notes, Solo Explorer
detects 2 and CUEX detects only one; CUEX (squares), Digital Ear (triangles), Solo Explorer (dots). 

Alla fåglar

0

5

10

15

20

25

30

35

40

45

0 10 20 30 40 50 60 70 80

Note number

O
ns

et
 ti

m
e 

s

Alla fåglar kommit rén



 18

The results of onset detection are better for the melody “Björnen sover”. In ”Alla fåglar kommit 
rén” there are several multiple detections. In “Björnen sover” there are only three extra notes 
detected with Digital Ear (note 25, 26 and 28), and one note extra by Solo Explorer (note 28). 
To have a closer look, two areas are considered in the melody ”Alla fåglar kommit rén”; one area 
where the segmentation is successful, and one where the segmentation is not so good. 

  
 
 
 
In the first example (Fig 10a) the algorithms detect correct number of notes, and agree on the 
segmentation boundaries. The single exception is seen for the first note, amounting to 260 ms. This 
exception and other outliers are commented below. 

 
 
 

Fig 11a. These are notes number 1-7 in the melody ”Alla fåglar kommit rén”. The timing is good except for
the first note, and there are no multiple detections. CUEX (squares), Digital Ear (triangles) and Solo Explorer
(dots). 

Fig 11b These are an area (notes 11-18), where the segmentation is not as successful as above. Note number
13 and 15 are inserted extra notes, which has been detected by Digital Ear only. CUEX (squares), Digital Ear
(triangles) and Solo Explorer (dots). 
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In this example two notes (note 13 and 15) with typical durations of 100 ms have been inserted by 
one of the three algorithms. (Note 14 is correctly detected.) The inserted notes are due to a 
remaining faint sound of the preceding note. Probably the student does not terminate the note 
correctly by interrupting the airflow with the tongue. In Fig 10a, the series of 5 short notes have 
been inserted at the end of the melody ”Alla fåglar kommit rén”, with duration of 50 ms 
approximately. They were due to a marked inhalation after the last note. In the melody in Fig 10b 
(“Björnen sover”), three notes were inserted (note 25, 26 and 28). They were caused by strongly 
fluctuating amplitude due to poor control of airflow. 

 
 
 
Typical differences in onset times for ‘correctly’ detected notes in ”Alla fåglar kommit rén” are 
illustrated above (see Fig 12). The figure shows the differences between the manual segmentation 
and the three algorithms, respectively. The three series of data have been aligned at the second 
onset time.  The first note was not suited for the alignment as one of the algorithms showed a large 
deviation on the first onset. The differences in onset times related to the inserted notes are outside 
the range of the figure. As seen, the differences between the manually and automatically detected 
onsets are usually not larger than +40 and -20 ms. Occasionally larger deviations up to 100 ms 
occur, ‘outliers,’ (3 out of 59 cases for both Solo Explorer and Digital Ear and one for CUEX), 
caused by atypical early or late locations of onset time. Solo Explorer generated even a couple of 
extreme outliers up to 340 ms. 
 
2. Outliers 

The origin of the outliers was examined. The ones below the lower dashed line in Fig 12 have an 
earlier detected onset than the manually detected ones, and the one above the upper dashed line has 
a later detected onset. An inspection using the sound editor showed that the early detections 
depend on unclear (‘creeping’) attacks, where only a blowing sound is heard at first. The single late 
detection in the figure is due to unstable pitch in the beginning of the note, caused by flickering 
fingering. The extreme outliers from Solo Explorer, exceeding 100 ms, occurred during longer 
“silent” intervals including pronounced breathing sounds. 
 

Fig 12 Differences in onset time between the programs and the manual segmentation for the melody “Alla
fåglar kommit rén”. The three series of data have been aligned at the second onset time. The dashed
horizontal lines indicate an estimated range of segmentation errors. Inserted notes are outside the range of the
plot; CUEX (squares), Digital Ear (triangles) and Solo Explorer (dots). 
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A manual inspection of data suggests that the data from Digital Ear is more scattered than the data 
from Solo Explorer. Also, the data from Solo Explorer lies closer to CUEX, which shows the 
smallest spread of the three algorithms. Most differences in onset times lie above zero for all three 
algorithms, indicating that the algorithms tend to locate the onsets later than the manual detection. 
This bias however, has no effect as such when calculating IOIs and articulation, as these measures 
are calculated as differences between onset times.   
 
3. Differences in IOIs 

Below, the differences in the calculated IOIs between the manual segmentation and the three 
algorithms are compared (see Fig 13a, b). 

 
   
 
Except for the outliers (here corresponding to double positive-negative peaks), the agreement in 
IOIs obtained by the algorithms and the manual segmentation is reasonably good. As can be seen 
in Fig 13b, the differences in IOIs between the algorithms and the manual detection do not exceed 
±30ms, excluding the outliers. 

Fig 13a Differences in IOIs between the manual segmentation and the algorithms for a melody played on 
recorder (”Alla fåglar kommit rén”). The double peaks (positive-negative) correspond to the outliers in 
Fig 12. CUEX (squares), Digital Ear (triangles) and Solo Explorer (dots) 
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Fig 13b Enlargement of Fig 13a. The IOIs for the ‘correctly’ detected notes lies within a range of ±30
ms (dashed lines) from the manually detected values. The values outside this range correspond to the
outliers in Fig 12 
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4. Onset detection – Synthesized melodies 
To see if there were any differences in onset detection between different instruments, the 
synthesized melody “Livet i Finnskogarne” was also evaluated. The evaluation of the synthesized 
performances (piano, violin) was based on the CUEX processing as reference. 

 
 

  
 
 
As seen in Figs 14a, b, the segmentation was not always successful. There were several notes 
missing in the onset detection by Digital Ear and Solo Explorer. (By listening to the processed file, 
it was verified that CUEX detected all notes in the melody.)  About half of the notes were missing 
in the onset detection by Digital Ear, both for piano and violin (see Table 1). Solo Explorer missed 

Fig 14a Onset detection on the melody “Livet i Finnskogarne” played on piano. 24 notes are missing from
Digital Ear and 8 from Solo Explorer. One note is extra inserted by Digital Ear.  CUEX (squares), Digital Ear
(triangles) and Solo Explorer (dots). 

"Livet i finnskogarna"
(Piano)

0

2

4

6

8

10

12

14

16

18

0 10 20 30 40 50 60

Note number

O
ns

et
 ti

m
e 

s

Fig 14b Onset detection on the melody “Livet i Finnskogarne” played on violin. 27 notes are missing by
Digital Ear and 9 from Solo Explorer. 5 notes are extra inserted by Digital Ear. CUEX (squares), Digital Ear
(triangles) and Solo Explorer (dots). 
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about 20 % of the notes. It can be noted that the segmentation for piano was slightly better than 
for violin. 
The onset detection of the correctly detected notes was about the same as for the recorder 
melodies. The differences in onset times between the reference CUEX and Digital Ear and Solo 
Explorer covered a range of +40/-20 ms.  
 
 
 Reference CUEX Digital Ear Solo Explorer 
Notes  Missing Inserted Missing Inserted Missing Inserted 
Alla fåglar Manual 0 2 % 0 27 % 0 2 % 
Björnen sover Manual 0 0 0 3 % 0 3 % 
Livet i 
Finnskogarna 
(piano) 

 
CUEX 

 
- 

 
- 

 
45 % 

 
2 % 

 
16 % 

 
0 

Livet i 
Finnskogarna 
(violin) 

 
CUEX 

 
- 

 
- 

 
53 % 

 
10 % 

 
18 % 

 
0 

 
 
Table 1 Comparison of the amounts of missing and inserted notes generated by the three algorithms. 
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D. Discussion and conclusions 

The programs evaluated in the segmentation part were CUEX, Solo Explorer and Digital Ear. 
Based on the recorder examples analysed, CUEX was found to be the best segmentation program. 
The detected onset times were very close to the onset times from the manual detection. Also, only 
one large error was made in one of the melodies played on recorder. Solo Explorer was the second 
best, no notes were missing and only few insertions were made (on average 2% in the two melodies 
played on recorder), but sometimes, early onset detections occurred (6%). Digital Ear showed the 
poorest performance, with a larger number of inserted notes (18%).  
 
The processing of the synthesized melody “Livet i Finnskogarne” gave very poor results. The 
number of missing notes was around 50% for Digital Ear and around 20 % for Solo Explorer. The 
missed notes are really missed detected onsets. The reason for this poor result is unclear. Several 
setting combinations of the control parameters were tried, but with no improvement. 
 
It could be expected that the segmentation results from the students would be different since one 
had played for only half a year, and the other nine years. A student who has played the recorder for 
a longer time probably has clearer attacks, which are easier to detect. However, the segmentation 
results from the students did not differ markedly. There were also differences between piano and 
violin, where the violin gave slightly poorer result. This could depend on the softer onset the violin 
has, unlike a piano, which has hard onsets. 
  
The differences in onset times are reflected in the calculated IOIs. In a musical context, the just 
noticeable differences in IOIs are about 20 ms for notes with durations corresponding to the 
examples above [20]. Larger deviations change the perception of the timing. The comparison of the 
algorithms in Fig 13b shows that deviations up to 30 ms compared to the manual segmentation 
occur frequently. An analysis of the timing in a performance based on an automatic segmentation 
could thus give somewhat misleading results. Even larger errors, related to inserted notes, may 
occur rather frequently. As mentioned, fluctuating airflow and breathing sounds caused the inserted 
notes. Such gross errors would upset a timing analysis completely. With the possible exception of 
CUEX, a timing analysis of the examined recorder melodies based on an automatic segmentation 
seems problematic.  
 
The usability of the algorithms differs. For Solo Explorer, the only input from the user is pitch 
range, which makes it easy to use. Besides, the segmentation does not seem to be particularly 
dependent on the setting. Digital Ear needed several inputs for the transcription engine such as 
pitch range, time resolution (‘no – double – super’), “harmonic threshold” and “attack detector”. 
The parameters to be changed are not self-explaining and can hardly be optimised without tedious 
trial and error. For CUEX, the environment is Matlab and can be hard to use if one is not used to 
it. Different settings can be made but are not necessary.  
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III. Articulation 

A. Method 

In order to determine typical borders between legato and staccato articulation in recorder playing, 
three listening tests were made. 
 
1. Listening test 1 – Perceived overall articulation 

To find a global value of the perceived, overall articulation in a melody, a listening test was given to 
four people at the department. All had some kind of musical training; one as a professional music 
teacher and the others as amateur musicians. The subjects evaluated 14 renderings of 8 melodies 
played on recorder, six melodies played by a teacher and eight melodies played by five students at 
different levels.5 The subjects could listen to the melodies as many times as he or she liked. The 
subjects judged the overall articulation in the performance (legato, nominal and staccato) by putting a 
cross on an axis graded from 0-10 (see Fig 15). 
 

 
 
 
 
 
 
      

      
     Fig 15 Scale for judging the overall articulation in played melodies (0 = legato, “nominal” = 4-6 and 10 = staccato).  
 
 
2. Listening test 2 – Perceived articulation of individual notes 

A complementary test was given to the subject with music teacher education, to get a more accurate 
estimation for staccato. Twelve melodies from the same set of melodies as in Listening test 1, 
played by both students and their teacher, were evaluated. While listening, the subject marked notes 
perceived as staccato in the score of each melody. The longest articulation among the marked notes 
was taken as an indication of how long a note can be held and still be perceived as staccato.  
 

                                                 
5 The melodies were ”Alla fåglar kommit rén”, Björnen sover”, ”Den blomstertid nu kommer”, ”Love me tender”, 
”Puff”, ”Tös och mus”, ”Till Paris” and ”Tuppen”, all appearing in recorder schools.  
 

 0        1        2        3        4        5        6        7        8        9      10

      Nominal     Staccato  Legato 
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3. Listening test 3 – Perceived articulation of notes in synthesized series 

A third listening test was made using a synthesized sequence from one of the melodies to get more 
accurate estimation of the boundaries of the “grey zones” between nominal - staccato and nominal 
- legato. Non-staccato was defined as too short to be “nominal” articulation but too long to be 
staccato, and non-legato too long to be “nominal” but too short to be legato (see Fig16).  
 
 
 
 
 
 
 
 
 
 
Three of the subjects in Listening test 1 participated in the test. Recorder-like notes were generated 
using the simulation program Pure Data.6 The sequence of eight quarter-notes were played 
repeatedly. The subject could control the length of the gaps with a slider (see Fig 17). The value of 
the current gap length was visible to the subject. The task was to adjust the gap length from 
nominal articulation to a point where the articulation no longer was perceived as nominal (i.e. 
“short” but not yet staccato), indicating the right border of the non-staccato zone in Fig 15. 
Following, the gap length was increased even further to a point, which was definitely perceived as 
staccato (left border of the non-staccato zone). The same procedure was repeated for legato. This 
was repeated for nine tempi: 100, 105, 110 bpm etc. up to 140 bpm. 
 

 
 

 

                                                 
6 http://pure-data.sourceforge.net/ , The patches “loadbang” and “note” can be found in appendix.  
 

Fig 17 Pd-patch of Listening test 3  

Staccato LegatoNominal

Non-staccato Non-legato

Fig 16 Schematic illustration of definition of articulation types in Listening test 3. 
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B. Results 

1. Listening test 1  

In Listening test 1 the subjects judged the perceived overall articulation across all notes in a set of 
melodies. In an attempt to describe the global articulation for a melody from timing data, the gap 
lengths were measured and compiled in a distribution. The mode of the distribution was taken as a 
characteristic value of the gap lengths in a piece. Two examples of gap length distributions for a 
melody played by a student and his teacher, respectively, are given in Figs 18 a, b. It is obvious that 
the gap lengths in the teacher’s performance are more consistent, centered round a mode value of 
100 ms. Also, the gap lengths are considerably shorter than in the student’s performance, which 
spread more or less evenly between 200 and 400 ms. The student, age 10 years, had been playing 
the recorder for half a year. The pronounced gaps above 400 ms, occurring in both the teacher and 
student’s performances, are breathing pauses.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The relations between the mode values and the judgments for all melodies are plotted in Fig 19. In 
all 4 subjects x 14 melodies = 56 data points are included, but since the same articulation mode 
value occurred in more than one melody some points are obscured. 
As can be seen from the figure the impression of staccato articulation increases as the gap length 
increases. The range for judged nominal articulation (bright area) contains values between 75 and 

Fig 18a Gap length distributions of a student’s
performance of ”Björnen sover”. 

Fig 18b Gap length distributions of a teacher’s
performance of ”Björnen sover”. 
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Fig 19 The most frequent gap length (mode values) in 14 performances vs. the judged overall articulation. 
The bright area corresponds to nominal articulation on the rating scale. Colours indicate different subjects. 
Large dots indicate teachers’ performances, and students’ are indicated by small squares. 
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140 ms. This gives an indication of that notes separated by gaps shorter than 75 ms are perceived as 
legato articulation, while gaps longer than 140 ms are perceived as staccato articulation. However, 
the spread in judgment for a given gap length value is rather large, making a determination of the 
articulation difficult. It can be noted that the data judged as legato falls close to the nominal 
articulation, while staccato forms a separate group. 
 
In Fig 21, the modes of the articulation distribution are plotted. This measure of how the performer 
articulated the notes in the performances would be more direct than gap lengths. Two examples of 
articulation distributions corresponding to the performances in Figs 18a, b (student – teacher), are 
given in Figs 20a, b.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Like in Figs 18, the teacher’s articulation values are much more concentrated, occupying a range 
between 75 and 95%. The student’s articulation, on the other hand, is in the range of 35 and 80%. 
From this comparison, it is clear that the teacher held the notes longer and more consistently. 
 

 
 

 
As seen in Fig 21, staccato articulation is clearly separated from nominal and legato articulation, 
which merges into one group. Staccato is clearly limited to mode values below 60%, while the 
combined group of nominal and legato articulations lies between 80-90%. The use of articulation as 

Fig 21 The most frequent articulation (mode values) in 14 performances vs. the judged overall articulation. The 
bright area corresponds to nominal articulation on the rating scale. Colours indicate different subjects. Large dots 
indicate teachers’ performances, and students’ are indicated by small squares. 
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Fig 20a Articulation distributions of a student’s 
performance of ”Björnen sover”. 
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performance of ”Björnen sover”. 



 28

measure of how the player performed the notes seems to give a better discrimination between the 
three types of articulation than the gap length. 
The data from this test suggest that there is a relatively wide zone separating staccato articulation 
from nominal articulation, while nominal and legato articulation seem more or less merged. 
However, the use of modes for characterizing the articulation in a whole melody gives a rough 
estimation of the actual articulation in a performance. Also, the width of the bins of the 
distributions was rather wide, contributing to the uncertainty in the estimations. In conclusion, 
Listening test 1 was deemed not sufficient to determine the articulation boundaries.  
 
2. Listening test 2 

The distribution of articulations of notes marked as staccato by the music teacher is shown in Fig 
22. Among the notes the largest articulation value did not exceed 71%. This value, which is an 
indication of the maximum limit of staccato articulation, is a little higher than the results of 
Listening test 1. The majority of the notes are within the range 45-60%. 

  
 

Fig 22 Distribution of articulation values for notes marked as staccato by a music teacher for the same 14
melodies as in Listening test 1. The majority of the staccato notes are found between the dashed vertical lines
(45-60%). (Teacher (squares) and students (dots))
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Fig 24 Articulation scale with averaged articulation boundaries.

0%  42% 89% 72%

3. Listening test 3 

An overview of the articulation boundaries vs. tempo is plotted below (see Fig 23).  

 
 
 
 
As seen in the diagram, the articulation is rather well defined. Staccato and non-staccato seem to be 
more depending on the tempo than legato. Legato is the one most well defined. There is no “grey 
zone” between nominal and legato articulation as between nominal and staccato. The non-staccato 
zone is rather wide, approximately 45-70%.  
 
By taking the mean value across subjects (3) and tempi (9), a better estimate of the boundaries can 
be obtained.  
Staccato – Non-staccato: 42% 
Non-staccato – Nominal: 72% 
Nominal – Legato: 89% 
 
 

 

 

 

 

Legato Non-staccatoStaccato Nominal 

Legato 

Fig 23 Overview of the articulation boundaries. The boundary of legato is rather well defined and not very 
depending on tempo. Both boundaries to non-staccato and staccato seem to depend on tempo, as the 
articulation increases with the tempo. (Subject 1 (triangles), subject 2 (squares) and subject 3 (dots)) 
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4. Phrasing 

All the breathing pauses in the melodies were identified in connection with the collection of data 
for the gap distributions (see Figs 18 a, b). The total number of breathing pauses was about 70. The 
shortest were 340 ms for the teacher and 270 ms for the students. This means that gaps in the 
melody that are longer than these limits are likely breathing pauses. This criterion can be used in a 
phrase limit detection algorithm (see Appendix). It was observed, that the spread in the durations 
of the breathing pauses are much larger for the students than for the teacher. This reflects the need 
for the students to take a breath also at places other than the phrase boundaries. The teacher’s 
performance is planned and allows longer and fewer breathing pauses, only at the actual phrase 
boundaries. 
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C. Discussion and conclusions 

In the articulation part, fourteen melodies were used, played by both students and a teacher. The 
performances were analysed and the perception of the articulation was determined in three listening 
tests. 
 
Listening test 1 was made to see if there was a connection between the gaps between 
notes/articulation and the perceived overall articulation. A relation could be seen, indicating that 
staccato is in the range 55-60% and legato above 85%. In order to get more specific results, two 
more listening tests were made. In Listening test 2, notes that were perceived staccato were marked 
in the score. The test was given only to one person, an experienced wind instrument teacher. His 
opinion of staccato would probably be very near a flute teacher’s. The notes marked as staccato 
were gathered in the range 45-60%, which supports the results of Listening test 1. 
 
Listening test 3 was made to get more accurate values of the boundaries between the different 
articulation types. Staccato and nominal articulation was separated by a wide grey zone. The 
boundary between staccato and non-staccato was found to be 42%, and between non-staccato and 
nominal articulation 72%. There doesn’t seem to be a non-legato area, separating nominal 
articulation and legato. The transition between nominal articulation and legato is abrupt, occurring 
around 90%. In Battel & Bresin’s study on piano performance [10], the articulation for perceived 
staccato was up to 40%, measured at the key level. Legato was perceived when the notes 
overlapped, exceeding the limit of ‘perfect’ recorder legato (100%). 
 
The most reliable values of the articulation boundaries are from Listening test 3. Listening test 1 
was made to see if there was any relation between gap lengths/articulation and perceived 
articulation, using recorded recorder performances. The mode of the distribution of gap 
lengths/articulations for each melody was used as a rough indication of the overall articulation. In 
combination with the limited variation of articulation in the recorded material only an indication of 
the boundary values could be obtained. Listening test 2 showed interesting results but was not used 
in the final compilation of the results, since only one person made the test. 
 
There are interesting general differences in gap length distributions between the students and the 
teacher (see Figs 18a, b). The teacher holds the notes longer as reflected in shorter gap lengths in 
general. This is expected since the teacher has played the recorder for a long time and has 
developed a firm basis for consistent timing in performance, including articulation. Besides the 
limited musical experience, the generally longer gap lengths and larger variability in the student 
performances reflect difficulties in controlling fingering and airflow.  
 
A clear criterion for detecting breathing pauses was found, corresponding to gap lengths longer 
than 270 ms for students and 340 ms for the teacher. Breathing pauses are often related to phrase 
boundaries but no attempts were made to discriminate between breathing pauses at phrase 
boundaries and in between, respectively.  
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Appendix 

Matlab  

This function calculates the articulation on every note. The functions used (find_notes, get_ioi etc.) 
are not put out, just explained. 

 
clear all 

mtx = mtxread   %To choose text file of a melody 

 

%Functions 

i_notes = find_notes(mtx);      %Reads the notes only, overlooks other info 

ioi = get_ioi(mtx, i_notes);       %Gets the IOI, between all notes 

offset = get_offset(mtx, i_notes); %Gets the offset of all notes 

onset = get_onset(mtx, i_notes);   %Gets the onset of all notes 

 

i=1;  

 

while(i < i_notes(end)-2)       

    dur(i) = offset(i) - onset(i);   

    articulation(i) = dur(i)/ioi(i);  

           

    if(articulation(i) <= 0.42) 

    {i,'Staccato'}    

    elseif(articulation(i) >= 0.42 && articulation(i) < .72) 

    {i,'Nonlegato'}     

    else 

    {i,'Legato'}     

    end   

    i=i+1; 

end 

 

articulation = articulation'; 
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This function divides the melody in phrases, using the value from the students. 
 
 
clear all 

mtx = mtxread 

 

i_notes = find_notes(mtx); 

ioi = get_ioi(mtx, i_notes); 

offset = get_offset(mtx, i_notes); 

onset = get_onset(mtx, i_notes); 

 

i=1; 

 

while(i < i_notes(end)-2) 

    dur(i) = offset(i) - onset(i);   

    gap(i) = ioi(i)-dur(i);  

     

    if(gap(i)>0.270) 

        {i, 'Paus'} 

        index=i; 

    else 

        {'-'} 

    end 

    i=i+1; 

end 
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Pure Data 
 

The function ‘loadbang’ in Pd, where pitch and durations are set. 

 

 

 

The function ‘note’ in Pd. This is where the melody is put together: 

 

 

 

 


